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Abstract
Quantumstates superposed acrossmultiple particles or degrees of freedomoffer an advantage in the
development of quantum technologies.Creating these states deterministically andwithhigh efﬁciency is
an ongoing challenge. A promising approach is the repeated excitationofmulti-level quantumemitters,
which have been shown tonaturally generate lightwithquantum statistics.Herewedescribe how to
create one class of higher dimensional quantumstate, a so calledW-state, which is superposed across
multiple timebins.Wedo this by repeatedRaman scattering of photons froma chargedquantumdot in
a pillarmicrocavity.We show thismethod canbe scaled to larger dimensionswith no reduction in
coherence or single-photon character.We explain how to extend thiswork to enable thedeterministic
creationof arbitrary time-bin encodedqudits.
1. Introduction
Photonic states withmultiple components are a useful resource for secure quantum relays [1], measurement
based quantum computers [2] and quantum enhanced sensors [3].Many early demonstrations of these
technologies havemade use of the polarisation degree of freedom,which is simple to produce andmanipulate
but is limited to two dimensions [4]. The challenge of extending these quantum states to greater dimensions in a
scalable way, through adding extra quantumbits or degrees of freedom, promises new functionality and greater
resistance to errors. In some cases replacing the ‘quantumbit’with a three dimensional qutrit or a
d-dimensional qudit has clear advantages, for instance in quantum communicationwhere the larger alphabet of
characters allows transmission ofmore than one bit of classical information per photon [5]. Such higher
dimensional states can be encoded in the photon path, orbital angularmomentum [6], the radial degree of
freedom [7], temporalmodes [8], or perhapsmost naturally in separate time bins [9, 10].
One interesting class of higher dimensional photonic state has the form
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G G e e 1i i1 2 , this is known as aW-state. In the case of a single-photonW-state, this can take the
formof a single photon superposed acrossmultiplemodes.W-states have uses ranging from fundamental
investigations of quantummechanics to imaging and randomnumber generation[11–14].
There are several approaches to realising higher dimensional photonic states. For example, it has been
demonstrated that thewidely studied parametric generation of entangled photon pairs can be extended to
photon triplets [15]. It is also possible to fuse together [16] or entangle [17] smaller photonic states in a gate
operation, but even for state-of-the-art technologies these approaches are probabilistic or have limited ﬁdelities
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[18], which reduces the efﬁciency. An attractive option is to directly generate a complex photonic state from a
single quantumemitter [19, 20],which inprinciple allows thedeterministic generationofmulti-qubit photonic states.
In fact, it hasbeenargued that creating entangledphotonic states ondemandwouldbe theﬁnal enabling technology in
thedevelopmentof aphotonicquantumcomputer [21, 22]. Trapped spins inquantumdotshavebeen shown tobe
suitablemulti-level emitters for this purpose [23, 24]. In addition, theyhavebeenused todemonstrate coherent spin
manipulations [25], spin-photonentanglement [26, 27] anddistant entanglementbetween two spins [28].
In thiswork,weuse a cavity-enhancedRaman transition in aquantumdot (QD) to showenhanced spin
preparation and then to sequentially generate time-bin-encoded single-photonW-states. Firstly,wedemonstrate that
ahighQ-factormicropillar cavity allowsus toobserve cavity-stimulatedRamanemission.Weuse this effect to
performspin state preparation [29]ona trappedhole spinover anorder ofmagnitude faster than in thenon-cavity-
enhanced case.We thendemonstrate our interferometer free scheme forW-state generation.The schemecanbe
trivially scaled tohigher dimensions—we show this byproducingphotons superposed across up to four timebins.
Finally,we explainhow the techniquesdemonstrated in thiswork could allow thedeterministic generationof
arbitrary single-photon timebin encoded states.Weanticipate that this capabilitywill proveuseful for single-mode
quantumcomputation [30] and formaximising the key rates ofQKDprotocols over longdistances [31–33].
2.Methods and results
2.1. Cavity-enhanced spin preparation
Weperformour experiments using a single-hole charged quantumdot in amicropillar cavity (ﬁgure 1(b)), a
systemwhich has been shown to be a good source of indistinguishable photons [34]. The device we use is
nominally undoped, emission from the positively charged state can be activated byweak non-resonant light at a
wavelength of 850 nm [34]. Applying aVoigt geometrymagnetic ﬁeld results in a double-Λ system. The
magnetic ﬁeld and temperature are tuned so that a single vertical transition is cavity enhanced (ﬁgure 1(c)). The
states of the system are aligned parallel/anti-parallel to themagnetic ﬁeld.We label the hole spin states,
§ §  ¹§ o §∣ ∣ ¯ ∣ ∣h h
2
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Figure 1. (a)An illustration of the experimental setup. (b)TheQD-micropillar system is cooled in a cryostat to 5K and placed in a
Voigt geometrymagneticﬁeld. A pulsed non-resonant laser (PNRL) is used to apply short non-resonant pulses and a continuous-
wave resonant laser (CWRL) ismodulated using an electro-opticmodulator (EOM) to create a series of pulses. The light is focused on
the sample via a dark ﬁeldmicroscope (DFM) thatmakes use of polarisation and spectral ﬁltering to separate the output light emitted
from theQD from the input laser light. The output light is then either directed into one of two detection setups. The output light can
be directed into aHanbury Brown andTwiss (HBT) setup consisting of a beam splitter and two avalanche photo-diodes (APDs). The
output can also be directed into an unbalancedMichelson interferometer (UMI). (c)The energy level diagram shows the states and
allowed transitions of a single-hole charged quantumdot in aVoigt ﬁeld. The highest energy vertical transition is cavity enhanced
(shown as blue) and the § l §∣ ¯ ∣ ¯h T transition is driven by theCWRL (shown as red). (d)The spectrumof the X transitions at zero
magnetic ﬁeld and the observed spectrumof theX+ transitions when the sample is placed in a 9 TVoigt geometrymagnetic ﬁeldwith
the shortest wavelength transition enhanced by the cavitymode. Note that the two diagonal transitions cannot be resolved by our
spectrometer (resolution 30μeV) and so appear as a single peak. The spectrumwas produced using non-resonant light with a
wavelength of 850 nm.
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In order tomaximise the number of operations that can be performed on a spin per unit time, it is desirable
to perform spin state preparation as rapidly as possible. In theVoigt conﬁguration the spin preparation typically
takes several nanoseconds [35].
In our experimentsweuse amicropillar cavity todecrease the spinpreparation time. In theRamanprocess a
photon fromthe laser is scattered resulting in aphoton thatwedetect at the energyof the § l §∣ ¯ ∣T h transition.
Driving the § l §∣ ¯ ∣ ¯h T transitionweobserve cavity-stimulatedRamanemission [36]. This increases the speedof spin
preparationbecause the system ismore likely todecay via the enhanced vertical transition than thenon-enhanced
diagonal transition.As a resultwe canperformspinpreparation in 270±6ps—over anorderofmagnitude faster
than is typically seen for similar non-cavity-enhanced systems (ﬁgure 2).Wenote that there is a continued
backgroundemission inﬁgure 2(b)once spinpreparationhas occurred—weattribute the to the similarity in energy
of thediagonal transitions in this quantumdot. The resonant lasermayweaklydrive the § l §∣ ∣h T transition aswell
as the intended transition, lowering the spinpreparationﬁdelity in this case.Highermagneticﬁelds or aquantumdot
with adifferent combinationof electron andwhole g-factors could remove this effect.
Wealsonote that the selective enhancement of one transitionof the lambda systemmeans that it could function
as a cycling transition tobeused for spin readout [37, 38]. The ability toperformrapid spinpreparation and reliable
spin readout in theVoigt geometrywill helpmake trapped spins inquantumdots appealing candidates for stationary
qubits and lightmatter interfaces.Ourpillarmicrocavity hasnegligible polarisation splitting and although it enhances
transitions resonantwith themode, it does not suppress detuned transitions.Non-resonant excitationof the 4 level
system inﬁgure 1(d) results in equal populations in states §∣T¯ and §∣T ,whichdecay via 4unequal decay channels,
whichwe collectwithunequal efﬁciencies. The ratio of the area of the longest and shortestwavelengthpeaks in the
spectrumof theX− transitions at 9T (ﬁgure 1(d)) suggest the cavity-enhanceddecay is a factor of∼4.1 faster than the
non-enhanced case. Similarly, comparing the spinpreparation time recordedbydriving the § l §∣ ¯ ∣ ¯h T and
measuring light from the § l §∣ ¯ ∣T h (cavity-enhancedpreparation) and the spinpreparation time recordedby
driving the § l §∣ ∣ ¯h T andmeasuring light from the § l §∣ ¯ ∣ ¯T h gives us a ratio of∼4.8.
The coherence timeof theRaman scatteredphotons is determinedby the coherence of the long lived ground state
hole spin and the laser rather than the shorter coherence timeof the exciton [39, 40]. Thismeans that the coherence of
thephoton state is in part inherited fromthehighly coherent laser light. A further useful property ofRamanemission
is that thewavelengthof the emitted photons canbe tunedby tuning thewavelengthof the excitation laser [36, 41]. In
our systemweobserve a tuning rangeof over 65μeV.Thiswould allow for the generationof indistinguishable
photons fromdifferent sources—akey requirement for several quantumphotonic technologies [16, 42].
2.2. The sequential generation of time-bin encodedW-States
Herewe implement a scheme for the generation of a single-photonW-state.W-states are of particular interest as
they represent one of two types ofmaximally entangled tripartite states andmaintain their entanglement in the
presence of dissipation [43]. The concept can be generalized to includeW-states withmore than three qubits.
We use a series of weak resonant pulses (shown inﬁgure 3(a)) to drive the § l §∣ ¯ ∣ ¯h T transition (shown as the
red arrow inﬁgure 1(c)). The power of these pulses is tuned so that they each have the same probability of driving
Figure 2. (a)Agraph showing the decrease inAvalanche Photo-diode (APD) counts over time due to spin pumping of trapped spin in
aQD in aVoigt geometrymagneticﬁeldwith no Purcell enhancement. The sinusoidal oscillations visible in the raw data are a result of
Rabi oscillations between the levels driven by the resonant laser. The underlying exponential decay time (ﬁtted green line) is 6.71±
0.55 ns. (b)Agraph showing the decrease in photon emission probability over time due to spin pumping in our Purcell enhanced
system. The ﬁtted exponential decay (blue line)has a decay time of 270± 6 ps.
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the transition and generating a photon.When the § l §∣ ¯ ∣ ¯h T transition is driven, the systempreferentially
decays vertically (shown as the blue transition inﬁgure 1(c)). The emitted photon has an equal probability of
beingmeasured in each time bin (ﬁgure 3(b)). The light produced by thismechanism is emitted as single quanta
because the detection of a photon at thewavelength of the enhanced transition heralds the preparation of the
hole spin in the §∣h state.Once in the §∣h state the system cannot be re-excited by the laser driving the § l §∣ ¯ ∣ ¯h T
transition until a spin-ﬂip occurs. Spin-ﬂips typically take three orders ofmagnitude longer than theW-state
generation process and so are not of concern here [44]. In contrast, the single-photon emission that is usually
observed fromquantumdots relies on the spontaneous decay time of a transition being greater than the applied
pulse length [45].
The setup for our scheme is shown inﬁgure 1(a). A non-resonant pulse ensures that there is a non-zero
population in the §∣h¯ state. Then resonant pulses produced using a continuous-wave laser and an electro-optic
modulator (EOM) are used to drive the Raman transition.
First, we use a single resonant pulse and second-order correlation functionmeasurement to demonstrate
that the system can act as a single-photon source. ﬁgure 4(a) shows a time resolvedmeasurement of the output
photons and ﬁgure 4(e) shows the second-order correlation functionmeasurement. The low x( )( )g 0 0.022
indicates that the output light is primarily composed of single photons.
We then use a two pulse sequence to create a photon superposed across two time bins (ﬁgure 4(b)).
Extending this to a three pulse sequence we generate a single-photon three-partW-state (ﬁgure 4(c)). Finally,
we use a four pulse sequence to create a four partW-state and demonstrate the scalability of our scheme
(ﬁgure 4(d)). The output light for all of the pulse sequences have a greatly reduced peak in the second-order
correlation function at τ=0, indicating that the output is dominated by single-photon emission
(ﬁgures 4(e)–(h)).Wework in the low efﬁciency regime using a resonant laser power well below saturation.
Thismeans that the §∣h¯ population is not completely depleted by the ﬁnal pulse of a pulse sequence, allowing
us to add additional pulses to the end of the sequence to increase the dimensionality of the photonic state
without requiring the recalibration of each pulse power.
We also observe anti-bunching over tens of nanoseconds; the peaks at τ=±12.5 ns are lower than the other
peaks away from τ=0. This indicates that the non-resonant pulse does not completely randomise the hole spin
statemeaning that a photon is less likely to be generated if a photon has been produced during the preceding
excitation sequence. This effect could be removed by deterministic preparation of the spin in the §∣h¯ state prior
to the incidence of the resonant laser pulses.
Finally, we probe the coherence between neighbouring time bins of the three-partW-state by time resolving
the output of an unbalancedMichelson interferometer. Thismeasurement shows that the photons are in a
coherent superposition between different time bins and not simply emitted into one time bin or another
probabilistically. The long armof the interferometer delays the light by one time-bin relative to the short arm
(ﬁgures 4(i) and (j)). Thismeans that we expect to see interference between time-bin 1 and time-bin 2, and
between time-bin 2 and time-bin 3 of a single 3-time-bin photon [46].
By varying the phase difference between the two armswe observe interference between the overlapping time
bins (ﬁgure 4(k)). The interferencemeasurements were also performed for the 2 and 4 partW-states; the
visibilities obtained by ﬁtting a sinusoidal function to themeasured intensities of the overlapping time bins as a
Figure 3. (a)An illustration of the pulse sequence used to create a 3 qubit single-photonW-State. The series of three pulses is used to
drive the Raman transition and create aW-state photon. (b)A time resolvedmeasurement of the collected light. Spectral ﬁltering
ensures that the collected light is at thewavelength of the cavity-enhanced transition.
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function of phase are shown in table 1. The phase of the photon is determined by the phase of the laser and the
phase of the hole spin.We attribute the deviation fromperfect interference visibility to the non-zero probability
of a decay along the § l §∣ ¯ ∣ ¯T h transition and the decoherence of the hole spin.
2.3. Proposal for the deterministic generation of single-photonW-States
As quantumdots in highQ cavities can act as deterministic photon sources [47], we propose an extension to our
scheme to generate generateW-States deterministically.We assume that a future experiment will be performed
with a quantumdot deterministically chargedwith a single charge, either an electron or a hole, which could be
introduced by tunneling in an appropriately biased diode structure [48] or a deliberately doped dot [49]. Our
proposal is as follows:
1. Ensure that the system in the state §∣h¯ by ﬁrst preparing the §∣h state as demonstrated earlier, then using an
off-resonant pulse to perform aπ-rotation of the hole spin [25, 37, 50].
2. Apply a
Q
3
pulse to the diagonal transition indicated in ﬁgure 2(a). The resulting Raman emission leaves us
with the state § §  § §U U ∣ ¯ ∣ ∣ ∣h h0 12
3
1
1
3
1 , where §U∣0 1 §U(∣ )1 1 indicates the absence (presence) of a
photon in time-bin 1.
3. A
Q
2
pulse leaves uswith the state § §  § §  § §U U U U U U     ∣ ¯ ∣ ∣ ∣ ∣ ∣h h h0 0 1 0 0 11
3
2 1
1
3
2 1
1
3
2 1 .
4. Aﬁnalπpulse leavesuswith the state § §  § §  § §U U U U U U U U U        ∣ ∣ ∣ ∣ ∣ ∣h h h1 0 0 0 1 0 0 0 11
3
3 2 1
1
3
3 2 1
1
3
3 2 1 .
Figure 4. (a–d)Time resolvedmeasurements of the produced photons superposed across 1, 2, 3 and 4 time-bins. (e–h) Second-order
correlation functionmeasurements on the producedW-state photons conﬁrm their single-photon nature. (i, j)Time resolved
measurements showing the single-time-bin offset introduced by the difference in the short and long paths of the unbalanced
Michelson interferometer. (k)A time resolved interferencemeasurement showing interference between neighbouring time bins of a
single photon superposed across three time bins.
Table 1.Coherent single-photon states.
#Time bins ( )( )g 02 Visibility
1 0.0233±0.0009 —
2 0.0463±0.0012 65.6±4.3%
3 0.0309±0.0004 69.6±5.4%
4 0.0577±0.0004 67.7±5.7%
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Ignoring the hole state and considering the state of the photon in isolation it is clear that this gives uswith a
photon in the state §  §  §(∣ ∣ ∣ )001 010 1001
3
— a single-photonW-state. For the success of this scheme,
futureworkmust investigate whether the use of a sequence of Raman pulses that result in a deterministic photon
generation are going to reduce the coherence of the single,multi-time-bin Raman photon orwhether the
improved coherence properties of the emitted light due to the Purcell enhancement (discussed in [40] and [34])
will be enough to counter any detrimental effects of a higher laser power.
2.4. Additional experimental details
The experiments were performed using an InAs quantumdot in aGaAs/AlGaAsmicropillar cavity with a
Q-factor of∼7500. The dot-cavity systemwas cooled to 5K and placed in a 9TVoigt geometrymagnetic ﬁeld.
The resonant pulses are generated using a continuous-wave diode laser at∼940 nmand electro-optic
modulator. The resonant pulses are separated from the emitted light by both polarisation and spectralﬁltering.
To record theHBTmeasurements we time-tag each photon, this allows us to remove the effect of photons
generated from the non-resonant pulses on the correlationmeasurements through temporalﬁltering. The
unbalancedMichelson interferometer usedwas kept at a constant temperature in order tominimise drift.
3.Discussion and conclusions
Wehave described how to directly generate higher dimensional time-bin-encoded quantum states without an
interferometer butwith sub-Poissonian statistics using Raman scattering froma single quantum emitter. The
use of an EOM in this scheme allows us tomake use ofﬂexible electronic triggering [51] to determine the
probability amplitudes of the photon for each time bin.
A phasemodulator could be used to control the relative phase of the laser between two resonant pulses to
create a qubit suitable for time-bin-encoded quantumkey distribution [52]. This phasemodulation could also
be achieved by using a detuned pulse to rotate the hole spin about the z-axis of the Bloch sphere [28]. In
combinationwith the demonstrated ability to control the amplitude of each time bin, this would allow the
creation of arbitrary single-photon time-bin-encoded states without the use of nested interferometers, which
have efﬁciencies that decrease exponentially with the number of beam splitters. Figure 5 shows how the
efﬁciencies for our scheme (both the implemented and ideal versions) comparewith the efﬁciency of using a
nested interferometer setup.Wenote that usingweak pulses in our implementation results in the probability of
generating a photon increasingwith the number of time bins. The estimates shown here indicate that although
the experiments demonstrated so far are less efﬁcient than simply using nested interferometers, we expect our
Figure 5.Agraph showing the estimated efﬁciencies for several different approaches to generatingmulti-qubit time-bin-encoded
single-photon states. The starting efﬁciency is the extraction efﬁciency of photons from aQDembedded in amicropillar cavity [53].
For the ideal scheme (black squares), we assume deterministic hole injection and preparation and no diagonal decay. For the nested
interferometer scheme (red triangles), we assume the thatmirrors and beam splitters are ideal and that only 50:50 beam splitters are
used. For the demonstrated scheme (blue squares), we assume that the non-resonant pulse injects a hole spinwith a 50% success
probability (notmeasured for this sample, but this is within the range seen in similar samples) and that we have a 50%probability of
any spin present being in the §∣h¯ state.We also assume that the branching ratio between the bright and dark transitions is 5 and that the
probability of the ﬁrst pulse generating a photon is 0.1. The fully shaded blue squares indicate the states produced during this work.
6
QuantumSci. Technol. 3 (2018) 024008 J P Lee et al
scheme to becomemore efﬁcient when states with 8 ormore time bins are considered. In addition, the ideal
schemewould bemore efﬁcient than using nested interferometers for any time-bin-encoded state.
Using continuously varied excitation rather than pulsed excitationwould allow the generation of arbitrarily
shaped photons [54]. This, in addition to phasemodulationwould enable to encode quantum information in
the temporalmode of a photon [55]. In combinationwith thewavelength tuningmade possible by the cavity-
enhanced Raman emission process this will allow the generation of photons fromQD sources that are
indistinguishable fromphotons fromother light sources such as lasers and trapped atoms.We expect our results
to pave theway for solid state sources of on-demand photonic qubits and efﬁcient interfaces between quantum
dots and other quantumoptical systems.
Data access
The experimental data used to produce theﬁgures in this paper is publicly available at https://doi.org/10.17863/
CAM.17218.
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